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Switching element, method of driving switching element, rewritable logic inte- 
grated circuit, and memory element 

5 Technical field: 

The present invention relates to a switching element utilizing an 
electrochemical reaction, a method of driving the switching element, an FPL 
(Field Programmable Logic: a rewritable logic integrated circuit) circuit and a 
memory element which employ the switching element. 

10 Background art: 

Of memory integrated circuits, switching elements having a non- 
volatile function capable of being kept on or off even when their power supply is 
switched off include an antifuse element as a first conventional example and an 
EEPROM (Electrical Erasable Programmable Read Only Memory) as a second 

1 5 conventional example. 

Switching elements for performing a nonvolatile function based 
Oh an electrochemical reaction include a timer (or an electrochemical time 
switching device) as a third conventional example and a PCRAM (Programma- 
ble Conductor Random Access Memory) as a fourth conventional example. 

20 The antifuse element as the first conventional example is a 

switching element having two states, i.e., electrically on and off states, and can 
irreversibly transit from the off state to the on state according to an electrical or 
physical process. The antifuse element as the first conventional example is 
disclosed in U.S. patent No. 5,070,384 and U.S. patent No. 5,387,812. The an- 

25 tifuse element is usually formed between two interconnects. When a high volt- 
age Is selectively applied between the interconnects, the antifuse element is 
programmed (transiting from the off state to the on state), electrically intercon- 



necting the interconnects. Even after the voltage is turned off, the antifuse 
element remains in the on state. 

The EEPROM as the second conventional example as disclosed 
in U.S. patent No. 4,203,158 has a floating gate electrode disposed between 
5 the control gate electrode and channel layer of a transistor. When the floating 
gate electrode stores electric charges, i.e., when it is charged, or when the 
floating gate electrode discharges electric charges, i.e., when it is discharged, 
the threshold voltage of the transistor changes. The floating gate electrode is 
charged or discharged by injecting electrons into the floating gate electrode or 
10 discharging electrons from the floating gate electrode in the form of a tunnel 
current flowing through an oxide film. Since the floating gate electrode is sur- 
rounded by an insulating film, the electric charges stored therein are not lost 
after the EEPROM is switched off. Therefore, the EEPROM has a nonvolatile 
capability. 

15 In recent years, antifuse elements and EEPROMs are used in 

FPL circuits which are integrated circuits whose hardware configuration can be 
changed for each application. One example of an FPL circuit is disclosed in 
Japanese laid-open patent publication No. 8-78532. The disclosed FPL circuit 
has a plurality of logic circuit blocks, interconnects interconnecting the logic cir- 

20 cuit blocks, and antifuse elements for changing the connection of the intercon- 
nects. The antifuse elements are used as programming elements. The anti- 
fuse elements selected by the user connect interconnects. Therefore, the FPL 
circuit provides a different hardware configuration for a selection of antifuse 
elements to connect interconnects. FPL circuits offer many advantages in that 

25 they are more versatile than ASICs (Application Specific Integrated Circuits) 
and can be manufactured Inexpensively in a short turnaround time, and are 
finding a rapidly growing market. 
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The timer as the third conventional example has a closed loop 
made up of a DC power supply, a load, and first and second inner electrodes. 
Part of the first and second inner electrodes is immersed in an electrolytic solu- 
tion and electroplated, and one of the first and second inner electrodes is cut 
off. setting a time for the timer. The timer as the third conventional example is 
disclosed in Japanese laid-open utility model publication No. 2-91 133. 

The electronic element as the fourth conventional example, as 
disclosed in U.S. patent No. 6,348,365, is a PCRAM utilizing silver ger- 
manide/selenide which is a silver ion conductive ion conductive material (the 
term "ion conductive material" has the same meaning as "ion conductor" used 
in the present specification) as a material for conducting ions. 

FIG. 1 of the accompanying drawings is a schematic cross- 
sectional view showing a structure of the PCRAM disclosed in U.S. patent No. 
6,348,365. As shown in FIG. 1 , insulating material 81 , conductive material 82, 
and dielectric material 83 are successively disposed on semiconductor sub- 
strate 87, and dielectric material 83 partly has a recessed structure (grooved 
structure). Ion conductive material 86 and metal material 84 are disposed in 
the recessed structure, and electrode 85 is disposed on metal material 84 and 
dielectric material 83. When a voltage is applied between electrode 85 and 
conductive material 82, a current path referred to as a dendrite grows on the 
surface of ion conductive material 86, thus electrically connecting electrode 85 
and conductive material 82 to each other. When a reverse voltage is applied, 
the dendrite disappears, electrically isolating electrode 85 and conductive ma- 
terial 82 from each other. 

The antifuse element as the first conventional example is a 
switching element used mainly in FPL circuits. Since the on-reslstance, which 
is the resistance of the antifuse element when it is in the on state, is small 



(about 50 Q), the antifuse element has a small signal delay time. However, the 
antifuse element is problematic in that it is not reprogrammable. Consequently, 
when the FPL circuit is programmed, it fails to meet demands for debugging 
the program and changing programs while it is in operation. 
5 While the EEPROM as the second conventional example is re- 

programmable, the level of integration thereof is low at present and the on- 
resistance thereof is of a large value of several kQ because it is limited by the 
resistance of the MOS (Metal Oxide Semiconductor) transistor. Though the 
EEPROM is widely used as nonvolatile memory, the level of integration thereof 

10 is limited by the thickness of the insulating film, making it difficult to further inte- 
grate the EEPROM. In addition, when the EEPROM is used in an FPL circuit, 
it tends to cause a signal delay due to the large on-resistance. 

The timer as the third conventional example is a device for 
measuring time until the electrode is dissolved by an electroplating process 

15 which is based on an electrochemical reaction. The timer cannot operate as a 
switching element for switching between on and off states. 

The electronic element as the fourth conventional example is 
basically a two-terminal switch utilizing an electrochemical reaction. The transi- 
tion of the two-terminal switch between on and off states is controlled by a volt- 

20 age that is applied between the two terminals of the switch. When the transi- 
tion occurs between the on and off states, a current flows through the switch, 
and the switch consumes a large amount of electric power. The switch re- 
quires thick interconnects that can withstand the current that is needed to 
cause the transition between the on and off states, and also requires a transis- 

25 tor having large drive power. Even though the switch itself can be integrated, it 
is difficult to integrate the interconnects and peripheral circuits. 
Disclosure of the invention: 



4 



It is an object of the present invention to provide a switching 
element which can be highly integrated, can be kept in either one of an on state 
and an off state even when the switching element is switched off, has a low re- 
sistance when it is in the on state, and can be reprogrammed into either one of 
the on and off states, a method of driving the switching element, and an FPL 
circuit and a memory element which employ the switching element. 

A switching element according to the present invention has an 
ion conductor capable of conducting metal ions therein, a first electrode and a 
second electrode which are disposed in contact with the ion conductor, and a 
third electrode disposed in contact with the ion conductor and including the 
metal ions, wherein an interelectrode distance L1 between the first electrode 
and the second electrode, an interelectrode distance L2 between the first elec- 
trode and the third electrode, and an interelectrode distance L3 between the 
second electrode and the third electrode satisfy the condition according to the 
expression: 

LI < L2 X 2 and L1 < L3 X 2. 

According to the present Invention, metal can be precipitated be- 
tween the first electrode and the second electrode, and the precipitated metal 
can be dissolved by controlling a voltage applied to the third electrode. The 
switching element can switch between a state in which the first electrode and 
the second electrode are electrically interconnected and a state in which the 
first electrode and the second electrode are not electrically interconnected. 

In the switching element according to the present Invention, the 
interelectrode distance between the first electrode and the second electrode 
may be 0.5 |im or less. If the interelectrode distance between the first elec- 
trode and the second electrode is 0.5 [xm or less, then the switching element 



according to the present invention can be incorporated into various integrated 
circuits. 

The switching element according to the present invention may 
be disposed on a substrate covered with an insulating film or an insulating sub- 
5 strate. According to an aspect of this arrangement, the first electrode and the 
second electrode may be disposed on the substrate so that they are separated 
from each other, and the interelectrode distance between the first electrode 
and the second electrode may be 0.5 Mm or less, the ion conductor may be 
disposed to cover the first electrode and the second electrode, and the third 

10 electrode may be disposed on the ion conductor. According to another aspect, 
the third electrode may be disposed on the substrate, the ion conductor may be 
disposed on the third electrode, the first electrode and the second electrode 
may be disposed on the Ion conductor in spaced-apart relation to each other, 
and the interelectrode distance between the first electrode and the second 

15 electrode may be 0.5 ^m or less. According to still another aspect, the first 
electrode may be disposed on the substrate, the ion conductor may be dis- 
posed on the first electrode, the second electrode and the third electrode may 
be disposed on the ion conductor, and the interelectrode distance between the 
first electrode and the second electrode may be equal to or greater than the 

20 film thickness of the ion conductor. With either one of these aspects, an inte- 
grated circuit combined with a semiconductor element can be easily formed. 

In the switching element according to the present invention, an 
electrical characteristic between the first electrode and the second electrode 
may be controlled by applying a voltage to the third electrode. The electrical 

25 characteristic may represent electric conductivity. 

In the switching element according to the present invention, the 
first electrode and the second electrode may be electrically interconnected to 
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bring the switching element into an on state by applying a voltage, which is 
positive with respect to at least one of the first electrode and the second elec- 
trode, to the third electrode, and the first electrode and the second electrode 
may be insulated from each other to bring the switching element into an off 
5 state by applying a voltage, which is negative with respect to at least one of the 
first electrode and the second electrode, to the third electrode. 

In the switching element according to the present invention, the 
second electrode may include a metal dissolvable into the ion conductor based 
on an electrochemical reaction. In this case, the first electrode and the second 

10 electrode may be electrically interconnected to bring the switching element into 
an on state by either applying a voltage, which is positive with respect to the 
first electrode, to the second electrode, or applying a voltage, which is positive 
with respect to at least one of the first electrode and the second electrode, to 
the third electrode, and the first electrode and the second electrode may be in- 

15 sulated from each other to bring the switching element into an off state by ei- 
ther applying a voltage, which is negative with respect to the first electrode, to 
the second electrode, or applying a voltage, which is negative with respect to at 
least one of the first electrode and the second electrode, to the third electrode. 

In the switching element according to the present invention, at 

20 least one of the first electrode, the second electrode, and the third electrode 
may have a pointed portion on a surface thereof held in contact with the ion 
conductor. 

In the switching element according to the present invention, the 
ion conductor may comprise either a calcogenide material including an element 
25 belonging to the group 6B of the periodic table, metal ionic glass, or metal ionic 
amorphous semiconductor. 
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In the switching element according to the present invention, the 
ion conductor and the third electrode may be made of either copper sulfide and 
copper, respectively, or silver sulfide and silver, respectively, and portions of 
the first electrode and the second electrode which are held in contact with the 
5 ion conductor may be made of either a metal such as platinum, aluminum, 
gold, titanium, tungsten, vanadium, niobium, tantalum, chromium, or molybde- 
num, a nitride of the metal, a silicide of the metal, or a combination thereof. 

A method of driving a switching element according to the pre- 
sent invention has the step of controlling the electrical characteristic based on 
10 the voltage applied to the third electrode and/or a time in which the voltage is 
applied to the third electrode. 

A method of driving a switching element according to the pre- 
sent invention has the steps of selectively bringing the switching element into 
the on state and the off state depending on the polarity of the voltage applied to 
15 the third electrode, and holding the switching element in either the on state or 
the off state by stopping application of the voltage to the third electrode. When 
the switching element is caused to transit between the on state and the off 
state, the conductivity between the first electrode and the second electrode 
may be measured, and the voltage applied to the third electrode may be con- 
20 trolled based on a change in the conductivity. 

A rewritable logic integrated circuit according to the present in- 
vention incorporates a switching element according to the present invention as 
a programming switch. 

A memory device according to the present invention has mem- 
25 ory cells each comprising a switching element according to the present inven- 
tion and either a MOS transistor or a diode. The memory cell may comprise a 
MOS transistor, the switching element may have the second electrode con- 
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nected to the drain electrode of the MOS transistor, the first electrode to a first 
bit line, and the third electrode to a first word line, and the MOS transistor may 
have a source electrode connected to a second bit line different from the first 
bit line and a gate electrode connected to a second word line different from the 
5 first word line. 

A switching element according to the present invention is a 
switching element utilizing an electrochemical reaction, and has an ion conduc- 
tor capable of conducting metal ions for use in an electrochemical reaction 
therein, a first electrode and a second electrode which are disposed in contact 

10 with the ion conductor and spaced a predetermined distance from each other, 
and a third electrode disposed in contact with the ion conductor, for precipitat- 
ing a metal between the first electrode and the second electrode due to metal 
ions when a voltage for causing the switching element to transit to an on state 
is applied to the third electrode, and dissolving the precipitated metal to electri- 

15 cally disconnect the first electrode and the second electrode from each other 
when a voltage for causing the switching element to transit to an off state is 
applied to the third electrode. 

According to the present invention, when the voltage for causing 
the switching element to transit to the on state is applied to the third electrode, 

20 metal ions in the ion conductor are attracted to the first electrode and the sec- 
ond electrode by an electrochemical reaction, precipitating metal on the sur- 
faces of these electrodes to electrically interconnect the first electrode and the 
second electrode with the metal precipitated between these electrodes. When 
the voltage for causing the switching element to transit to the off state is ap- 

25 plied to the third electrode, the metal precipitated between the first electrode 
and the second electrode is dissolved as metal ions into the ion conductor, 
electrically disconnecting the first electrode and the second electrode from 
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each other. In the on state, since the first electrode and the second electrode 
are Interconnected by the metal, the resistance between the first electrode and 
the second electrode is made smaller. 

In the switching element according to the present invention, 
5 when the application of the voltage to the third electrode is stopped after the 
switching element has been brought Into the on state or the off state, the 
switching element is held In that state. 

According to the present invention, even when no voltage is ap- 
plied to the third electrode after the switching element has been brought into 

10 the on state, the first electrode and the second electrode remain electrically in- 
terconnected by the precipitated metal. Even when no voltage is applied to the 
third electrode after the switching element has been brought into the off state, 
the first electrode and the second electrode remain electrically disconnected 
from each other. Therefore, the switching element is rendered nonvolatile, 

15 holding information in the on state or the off state. 

A switching element according to the present invention is a 
switching element utilizing an electrochemical reaction, and has an ion conduc- 
tor capable of conducting metal ions for use in an electrochemical reaction 
therein, a first electrode disposed in contact with the ion conductor, a second 

20 electrode disposed in contact with the ion conductor and spaced a 

predetermined distance from the first electrode, for precipitating a metal due to 
metal ions to electrically connect the second electrode to the first electrode 
when a voltage for causing the switching element to transit to an on state is 
applied to the second electrode, and dissolving the precipitated metal to 

25 electrically disconnect the second electrode from the first electrode when a 
voltage for causing the switching element to transit to an off state Is applied to 
the second electrode, and a third electrode disposed In contact with the ion 
conductor for increasing a current flowing between the first electrode and the 
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creasing a current flowing between the first electrode and the second electrode 
when a voltage, which is positive with respect to the first electrode, is applied to 
the third electrode, and reducing the current when a voltage, which is negative 
with respect to the first electrode, is applied to the third electrode. 
5 According to the present invention, when the voltage for causing 

the switching element to transit to the on state is applied to the second elec- 
trode, metal ions in the ion conductor are attracted to the first electrode by an 
electrochemical reaction, precipitating a metal on the surface of the first elec- 
trode to electrically interconnect the first electrode and the second electrode 

10 with the metal precipitated between these electrodes. When a voltage, which 
is positive with respect to the first electrode, is applied to the third electrode, 
the amount of metal precipitated between the first electrode and the second 
electrode increases, increasing the current flowing therebetween. When a 
voltage, which is negative with respect to the first electrode, is applied to the 

15 third electrode after the switching element has been brought into the on state, 
the amount of metal precipitated between the first electrode and the second 
electrode decreases, reducing the current flowing therebetween. When the 
voltage for causing the switching element to transit to the off state is applied to 
the second electrode, the metal precipitated between the first electrode and the 

20 second electrode is dissolved as metal ions Into the ion conductor, electrically 
disconnecting the first electrode and the second electrode from each other. 
Therefore, the on state and the off state can be controlled by applying the volt- 
age to the second electrode, and the magnitude of the current can be con- 
trolled by applying the voltage to the third electrode. 

25 A switching element according to the present invention is a 

switching element utilizing an electrochemical reaction, and has an ion conduc- 
tor capable of conducting metal ions for use in an electrochemical reaction 
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therein, a first electrode disposed in contact with the ion conductor, a second 
electrode disposed in contact with the ion conductor and spaced a 
predetermined distance from the first electrode, for precipitating a metal due to 
metal ions when a predetermined voltage is applied to the second electrode for 
5 a predetermined time, and a third electrode disposed in contact with the ion 
conductor for precipitating a metal due to metal ions to electrically interconnect 
the first electrode and the second electrode when a voltage for causing the 
switching element to transit to an on state is applied to the third electrode after 
the predetermined voltage has been applied to the second electrode for the 

1 0 predetermined time. 

According to the present invention, when the voltage for causing 
the switching element to transit to the on state is applied to the third electrode 
after the voltage has been applied to the second electrode before the first elec- 
trode and the second electrode are interconnected by the metal precipitated by 

15 an electrochemical reaction, the first electrode and the second electrode are 
electrically connected to each other. Therefore, when the first electrode and 
the second electrode are electrically connected to each other, an excessive 
current is prevented from flowing, and the electric power consumed by the 
switching element is reduced. 

20 In the switching element according to the present invention, the 

third electrode may include a material for supplying metal ions to the ion con- 
ductor, and portions of the first electrode and the second electrode which are 
held in contact with the ion conductor may be made of a material which does 
not react with the ion conductor. 

25 According to the present invention, since metal ions are supplied 

from the third electrode to the ion conductor by an electrochemical reaction, the 
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ion conductivity is increased, increasing the speed at which the svyitching ele- 
ment transits between the on state and the off state. 

In the switching element according to the present invention, the 
third electrode and the second electrode may include a material for supplying 
5 metal ions to the ion conductor, and a portion of the first electrode which is held 
in contact with the ion conductor may be made of a material which does not re- 
act with the ion conductor. 

According to the present invention, since metal ions are supplied 
from the third electrode and the second electrode to the ion conductor by an 
10 electrochemical reaction, the ion conductivity is increased, increasing the 

speed at which the switching element transits between the on state and the off 
state. 

In the switching element according to the present invention, the 
first electrode and the second electrode may be formed in one plane parallel to 
15 a planar pattern of the third electrode, at least one of the first electrode and the 
second electrode may have a planar pattern having a pointed portion, and the 
shortest distance between the first electrode and the second electrode may be 
represented by the distance from the pointed portion of one of the electrodes to 
the other electrode. 

20 According to the present invention, since the shortest distance 

between the electrodes is equal to the distance from the pointed portion of one 
of the electrodes to the other electrode, the electrode with the pointed portion 
can be electrically connected to the other electrode when copper is precipitated 
at least in the vicinity of the pointed portion. Therefore, excessive copper does 

25 not need to be precipitated, allowing the switching element to transit from the 
off state to the on state at an increased speed. The switching element is also 
allowed to transit from the on state to the off state at an increased speed be- 
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cause the metal in the vicinity of the pointed portion may be dissolved for bring- 
ing the switching element into the off state. 

The rewritable logic integrated circuit according to the present 
invention which will achieve the above object incorporates either one of the 
5 above switching elements according to the present invention as a programming 
switch. According to the present invention, a logic circuit can be freely estab- 
lished by causing the switching element used as the programming element to 
be in the on state or the off state. 

The memory device according to the present invention which will 

10 achieve the above object has either one of the above switching elements ac- 
cording to the present invention and a transistor for reading information indica- 
tive of whether the switching element is in the on state or the off state. Accord- 
ing to the present invention, after the switching element has been brought into 
the on state or the off state based on an electrochemical reaction, the switching 

15 element is held in that state even if no voltage is applied to the third electrode 
and the second electrode. The memory device can thus be used as a nonvola- 
tile memory. 

According to the present invention, therefore, there is provided a 
switching element which can be set to the on state or the off state desirably by 

20 applying a predetermined voltage to at least one of the third electrode and the 
second electrode, and which is nonvolatile and has smaller resistance when it 
is in the on state. Furthermore, inasmuch as the switching element according 
to the present invention is of a simple and minute structure, it can be manufac- 
tured in a much smaller design than heretofore. 

25 If the switching element according to the present invention is in- 

corporated in an FPL circuit, then the FPL circuit is reprogrammable and can 
operate at a high speed. 
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If the switching element according to the present invention is 
used as an information storage means in a memory device, then the memory 
device is available as nonvolatile memory having high writing and reading 
rates. Inasmuch as the switching element according to the present invention is 
of a simple and minute structure, the memory device can be manufactured as a 
highly integrated, high-speed memory device. 

With a manufacturing process according to the present inven- 
tion, the switching element can be consistently and accurately manufactured, 
using the conventional technology for manufacturing semiconductor integrated 
circuits. Therefore, the switching element, and the FPL circuit and the memory 
device incorporating the switching element can be produced at a low cost. 
Brief description of the drawings: 

Fig. 1 is a schematic cross-sectional view of an electronic ele- 
ment as a fourth conventional example; 

Fig. 2 is a cross-sectional view showing the structure of a 
switching element according to the present invention; 

Fig. 3A is a graph showing electrical characteristics of the 
switching element according to the present invention; 

Fig. 3B is a graph showing electrical characteristics of the 
switching element according to the present invention; 

Fig. 4 is a view illustrative of an electrochemical reaction of the 
switching element according to the present invention; 

Fig. 5 is a cross-sectional view of a structure of a switching ele- 
ment according to the present invention; 

Fig. 6A is a plan view showing an example of a planar pattern of 
a source electrode and a drain electrode; 
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Fig. 6B is a plan view showing another example of a planar pat- 
tern of a source electrode and a drain electrode; 

Fig. 7 is a flowchart of a sequence for the feedback control of a 

gate voltage; 

5 Fig. 8A is a cross-sectional view of another structure of the 

switching element according to the first embodiment; 

Fig. 8B is a cross-sectional view of still another structure of the 
switching element according to the first embodiment; 

Fig. 8C is a cross-sectional view of yet another structure of the 
1 0 switching element according to the first embodiment; 

Fig. 9 is a graph showing electrical characteristics of the switch- 
ing element according to the first embodiment in which an ion conductor is 
made of copper sulfide produced by anodic polarization; 

Fig. 10 is a graph showing electrical characteristics of the 
15 switching element according to the first embodiment in which an ion conductor 
is made of copper sulfide produced by laser ablation; 

Fig. 11 is a cross-sectional view of a structure of a switching 
element according to the second embodiment of the present invention; 

Fig. 12 is a cross-sectional view showing a structure of a switch- 
20 ing element according to the present invention as it is applied to an FPL circuit; 
and 

Fig. 13 is a circuit diagram of a memory device comprising 
switching elements according to the present invention and MOS transistors. 
Best mode for carrying out the invention: 
25 A switching element according to the present invention is char- 

acterized as follows: A voltage applied to a third electrode is controlled to pre- 
cipitate a metal between a first electrode and a second electrode to electrically 
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interconnect the first electrode and the second electrode, i.e., to achieve an on 
state. The metal precipitated between the first electrode and the second elec- 
trode is dissolved to disconnect the first electrode and the second electrode, 
i.e., to achieve an off state. Each of these states is kept even if the voltage is 
5 no longer applied to the third electrode. 

Arrangements of the present invention will be described below. 
In the following description and Figs. 2, 3A, 3B, 5, 6A, 6B, 8A, 8B, 8C, 9, 10, 
1 1 , and 12, the first electrode corresponds to a source electrode, the second 
electrode to a drain electrode, and the third electrode to a gate electrode. 

10 Fig. 2 is a cross-sectional view showing a structure of a switch- 

ing element according to the present invention. 

As shown in Fig. 2, the switching element according to the pre- 
sent invention has source electrode 1 and drain electrode 2 disposed on sub- 
strate 5 comprising a silicon substrate covered with a silicon oxide film as an 

15 insulating film and spaced a predetermined distance from each other, ion con- 
ductor 4 disposed in contact with source electrode 1 and drain electrode 2 and 
including metal ions for an electrochemical reaction, and gate electrode 3 dis- 
posed on ion conductor 4. Gate electrode 3 serves to control conductivity be- 
tween source electrode 1 and drain electrode 2 depending on the magnitude of 

20 the voltage applied to gate electrode 3. Source electrode 1 , drain electrode 2, 
and gate electrode 3 are electrically insulated from each other. 

Gate electrode 3 includes a material for supplying metal ions to 
ion conductor 4 based on an electrochemical reaction. The portions of source 
electrode 1 and drain electrode 2 which are held in contact with Ion conductor 4 

25 are made of a material which does not electrochemically react with ion conduc- 
tor 4. Therefore, source electrode 1 and drain electrode 2 do not supply metal 
ions to ion conductor 4. 
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Operation of the switching element thus constructed will be de- 
scribed below. 

When a voltage, which is positive with respect to source elec- 
trode 1 and drain electrode 2, is applied to gate electrode 3, a metal is precipi- 
5 tated on source electrode 1 and drain electrode 2, which are positioned closely 
to each other, due to a reduction reaction of metal ions. The metal that is pre- 
cipitated in an interelectrode gap 6, across which source electrode 1 and drain 
electrode 2 are spaced from each other by the predetermined distance, electri- 
cally interconnects source electrode 1 and drain electrode 2, whereupon the 

10 switching element transits to an on state. When a voltage, which is negative 
with respect to source electrode 1 and drain electrode 2, is applied to gate 
electrode 3, the metal precipitated in interelectrode gap 6 is oxidized into metal 
ions, which are dissolved into ion conductor 4. The metal is now removed from 
interelectrode gap 6, causing the switching element to transit to an off state. 

15 Interelectrode gap 6 represents the shortest distance between source electrode 
1 and drain electrode 2. 

The on and off states of the switching element are kept even if 
the voltages are no longer applied to gate electrode 3. After the on state is 
reached, the metal is precipitated or dissolved depending on the time for which 

20 the voltage is applied to gate electrode 3 and the applied voltage, allowing the 
voltage applied to gate electrode 3 to control the conductivity between source 
electrode 1 and drain electrode 2. 

If the interelectrode distance between source electrode 1 and 
drain electrode 2 is represented by L1 , the interelectrode distance between 

25 source electrode 1 and gate electrode 3 by L2, and the interelectrode distance 
between drain electrode 2 and gate electrode 3 by L3, then source electrode 1 , 
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drain electrode 2, and gate electrode 3 can be positioned to satisfy the condi- 
tion according to the following expression (1): 

L1 <L2x2andL1 <L3x2 (1) 
With the switching element constructed to satisfy the condition 
5 according to the expression (1), when a metal is grown from both source elec- 
trode 1 and drain electrode 2, source electrode and gate electrode or drain 
electrode and gate electrode are essentially prevented from being electrically 
interconnected before source electrode and drain electrode are electrically in- 
terconnected by the grown metal. 
10 Source electrode 1 , drain electrode 2, and gate electrode 3 may 

be positioned to satisfy the condition according to the following expression (2): 
LI < L2 X 1 and L1 < L3 X 1 (2) 
With the switching element constructed to satisfy the condition 
according to the expression (2), when a metal is grown from either one of 
15 source electrode and drain electrode, source electrode and gate electrode or 
drain electrode and gate electrode are essentially prevented from being electri- 
cally interconnected before source electrode and drain electrode are electrically 
interconnected by the grown metal. If the electrical conductivity between 
source electrode 1 and drain electrode 2 is to be controlled by the voltage ap- 
20 plied to gate electrode 3, the arrangement which meets the condition according 
to the expression (2) makes it possible to increase a variable margin of the 
voltage applied to gate electrode 3. 

Furthermore, source electrode 1 , drain electrode 2, and gate 
electrode 3 may be positioned to satisfy the condition according to the following 
25 expression (3): 

L1 <L2x 1/2andL1 <L3x1/2 (3) 
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With the switching element constructed to satisfy the condition 
according to the expression (3), source electrode and gate electrode or drain 
electrode and gate electrode are reliably prevented from being electrically in- 
terconnected by metal grown from source electrode and/or drain electrode. 
5 The smaller the interelectrode distance L1 between source elec- 

trode 1 and drain electrode 2, the lower the voltage applied to gate electrode 3, 
allowing the switching element to consume smaller electric power and also al- 
lowing the switching element to switch between the on state and the off state 
faster. If the interelectrode distance LI is 0.5 \im or smaller, then the switching 

10 element according to the present invention can be incorporated into various in- 
tegrated circuits. However, if the interelectrode distance L1 is too small, leak- 
age current flowing when a voltage is applied between source electrode and 
drain electrode increases. The interelectrode distance L1 may be set such that 
the leakage current will be 1/10 or less of the current flowing between source 

15 electrode and drain electrode. 

Electrical characteristics of the switching element shown in Fig. 
2 will be described below. 

Figs. 3A and 3B are graphs showing electrical characteristics of 
the switching element. In Figs. 3A and 3B, the horizontal axis represents the 

20 gate voltage which is the voltage applied to gate electrode 3 of the switching 
element shown in Fig. 2, and the vertical axis the drain current which is current 
flowing between source electrode 1 and drain electrode 2. 

In the switching element used to make the measurement shown 
in Fig. 3A, ion conductor 4 comprises an aqueous solution of copper sulfide, 

25 source electrode 1 and drain electrode 2 are made of platinum (R) which is not 
dissolvable Into ion conductor 4, and gate electrode 3 is made of copper (Cu) 
which is capable of electrochemically reacting with ion conductor 4. 
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As shown in Fig. 3A, when a constant voltage is applied be- 
tween drain electrode 2 and source electrode 1 and a potential difference be- 
tween gate electrode 3 and source electrode 1 is repeatedly varied, the con- 
ductivity between drain electrode 2 and source electrode 1 exhibits hysteresis. 
5 The hysteretic conductivity will be described in detail below. 

In an initial state with no voltage applied, the switching element 
is in the off state and almost no drain current flows. When the gate voltage ap- 
plied to gate electrode 3 is changed positively from 0 V to + 0.3 V in the off 
state, a drain current of about 1 .2 mA flows, causing the switching element to 
10 transit to the on state. When the gate voltage is changed negatively to - 0.1 6 V 
in the on state, almost no drain current flows, causing the switching element to 
transit to the off state. Thus, when the gate voltage is in the range from - 0.16 
V to + 0.3 V, no switch transition occurs, and the switching element is stably 
held in the on state or the off state. It is possible to cause the switching ele- 
15 ment to transit between the on state and the off state as many times as desired 
by repeatedly varying the gate electrode. 

The reasons why the switching element transits between the on 
state and the off state as shown in Fig. 3A will be described below. 

Fig. 4 is a view illustrative of the precipitation and dissolution of 
2 0 copper due to an electrochemical reaction. 

As shown in Fig. 4, a gold electrode and a copper electrode are 
immersed in an ion conductor in the form of a mixed solution of copper sulfate 
and sulfuric acid, and a voltage is applied from a voltage source to the copper 
electrode as a positive electrode and the gold electrode as a negative elec- 
25 trbde. Since the mixed solution is a copper plating solution, copper of the cop- 
per electrode is dissolved as copper ions into the ion conductor, and copper is 
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precipitated on the gold electrode. Copper is thus precipitated and dissolved 
by such an electrochemical reaction. 

The switching element according to the present invention utilizes 
the electrochemical reaction shown in Fig. 4. The copper electrode shown in 
Fig. 4 corresponds to gate electrode 3 shown in Fig. 2, and the gold electrode 
shown in Fig. 4 corresponds to source electrode 1 and drain electrode 2 shown 
in Fig. 2. 

The electrochemical reaction shown in Fig. 4 will be described 
with respect to the switching element shown in Fig. 2. 

When copper is precipitated on the surfaces of source electrode 
1 and drain electrode 2 by the above electrochemical reaction, interelectrode 
gap 6 is filled with copper, electrically interconnecting source electrode 1 and 
drain electrode 2 to cause the switching element to transit to the on state. After 
the switching element has transited to the on state shown in Fig. 3A, when the 
applied gate voltage is made greater than + 0.3 V, the drain current increases 
with the gate electrode. This means that conductivity between source elec- 
trode 1 and drain electrode 2 increases as the precipitated amount of copper 
increases. 

When the copper precipitated in interelectrode gap 6 is dis- 
solved into ion conductor 4 by the electrochemical reaction, the copper is re- 
moved from interelectrode gap 6, electrically disconnecting source electrode 1 
and drain electrode 2, causing the switching element to transit to the off state. 

The speed of transition between the on state and the off state 
will be described below. 

When copper ions dissolved from gate electrode 3 travel to the 
surface of source electrode 1 or drain electrode 2 and are coupled to electrons, 
copper is precipitated, electrically interconnecting source electrode 1 and drain 
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electrode 2. When the copper that fills interelectrode gap 6 between source 
electrode 1 and drain electrode 2 is dissolved, source electrode 1 and drain 
electrode 2 are electrically disconnected from each other. The speed of transi- 
tion between the on state and the off state is thus deternnined by the speed at 
5 which the metal ions travel in ion conductor 4 and the rate of the electrochemi- 
cal reaction. The speed at which the metal ions travel in ion conductor 4 de- 
pends upon the ion conductivity and the gate voltage. 

The switching element which exhibits the electrical characteris- 
tics shown in Fig. 3B will be described below. 

10 In the switching element used to make the measurement shown 

in Fig. 3B, ion conductor 4 comprises an aqueous solution of copper sulfide, 
source electrode 1 is made of platinum (Pt), and gate electrode 3 and drain 
electrode 2 are rnade of copper (Cu) which is capable of electrochemically re- 
acting with ion conductor 4. 

15 As shown in Fig. 3B, when a constant voltage is applied be- 

tween drain electrode 2 and source electrode 1 and a potential difference be- 
tween gate electrode 3 and source electrode 1 is repeatedly varied, the con- 
ductivity between drain electrode 2 and source electrode 1 exhibits hysteresis. 
The hysteretic conductivity will be described in detail below. 

20 In an initial state with no voltage applied, the switching element 

is in the off state and almost no drain current flows. When the gate voltage ap- 
plied to gate electrode 3 is changed positively from 0 V to + 0.75 V in the off 
state, a drain current of about 2 mA flows, causing the switching element to 
transit to the on state. When the gate voltage is changed negatively to - 0.4 V 

2 5 in the on state, almost no drain current flows, causing the switching element to 
transit to the off state. Thus, when the gate voltage is in the range from - 0.4 V 
to + 0.75 V, no switch transition occurs, and the switching element is stably 
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held in the on state or the off state. It is possible to cause the switching ele- 
ment to transit between the on state and the off state as many times as desired 
by repeatedly varying the gate electrode. 

In the arrangements of the switching element used to make the 
measurements shown in Figs. 3A and 3B, since drain electrode is made of 
copper which is capable of electrochemically reacting with ion conductor 4, the 
switching element may be caused to transit to the on state or the off state by 
applying a voltage between drain electrode and source electrode. 

In the above example, ion conductor 4 comprises an electrolytic 
solution in the form of a mixed aqueous solution of copper sulfate and sulfuric 
acid. However, ion conductor 4 in other forms also produces the same effect 
as described above. Ion conductors are roughly classified into two types, i.e., a 
liquid and a solid. The liquid ion conductor is an electrolytic solution described 
above, and the solid ion conductor is a solid electrolyte wherein metal Ions can 
freely move as in a solution. If the switching element is incorporated into an 
integrated circuit, then the solid ion conductor is suitable for use in the switch- 
ing element. Silver ions and copper ions, in particular, exhibit ion conductivity 
In an appropriate solid electrolyte, e.g., silver sulfide or copper sulfide. The in- 
ventors have found that like copper ions in a mixed aqueous solution of copper 
sulfate and sulfuric acid, silver Ions in silver sulfide and copper ions in copper 
sulfide exhibit a switching phenomenon based on transition between the on 
state and the off state. Known materials in which silver ions and copper ions 
travel include metal ionic glass and metal ionic amorphous semiconductor, 
other than calcogenides including elements which belong to group 6B of the 
periodic table. 
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Elements based on the above principles of operation have not 
heretofore been known In the art, and the inventors have devised and verified 
for the first time the mechanism of such elements. 
1st Embodiment: 

5 Of switching elements according to the present invention, a 

switching element employing a solid electrolyte as an ion conductor will be de- 
scribed below. 

Fig. 5 is a cross-sectional view of the structure of a switching 
element according to the present invention. As shown in Fig. 5, switching ele- 
10 ment 10 has gate electrode 13 disposed on substrate 15 covered with a silicon 
oxide filni as an insulating film, ion conductor 14 disposed on gate electrode 

13, and source electrode 1 1 and drain electrode 12 disposed on ion conductor 

14. Source electrode 1 1 and drain electrode 12 are disposed within one plane, 
with a gap of 1 00 nm or less defined therebetween. Source electrode 1 1 , drain 

15 electrode 12, and gate electrode 13 are electrically insulated from each other. 

Gate electrode 1 3 includes a material for supplying metal ions to 
ion conductor 14 based on an electrochemical reaction. Ion conductor 14 
should preferably comprise a solid electrolyte with as small electron conductiv- 
ity as possible because the greater the electron conductivity, the greater the 

20 leakage current flowing when switching element 10 is in the off state. The por- 
tions of source electrode 1 1 and drain electrode 12 which are held in contact 
with ion conductor 14 are made of a material which does not electrochemically 
react with ion conductor 14. Therefore, source electrode 1 1 and drain elec- 
trode 12 do not supply metal ions to ion conductor 14 though they are held in 

2 5 contact with Ion conductor 1 4. 

Materials which do not react with ion conductor 14 include met- 
als such as platinum, aluminum, gold, titanium, tungsten, vanadium, niobium. 
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tantalum, chromium, molybdenum, etc. Materials which are hardly chemically 
reactive and ionizable may be nitrides of the above metals or silicon com- 
pounds (silicides) such as silicides of the above metals. The portions of source 
electrode 1 1 and drain electrode 12 which are held in contact with ion conduc- 
5 tor 14 are not required to be made of a common material, but may each be 
made of either one of the above metals and compounds. 

Planar patterns of source electrode 1 1 and drain electrode 12 
will be described below. 

Figs. 6A and 6B are plan views showing examples of planar pat- 

10 terns of source electrode 1 1 and drain electrode 1 2. 

In Fig. 6A, planar patterns of source electrode 1 1 and drain elec- 
trode 12 are rectangular in shape, and the gap between these two electrodes is 
defined between two parallel sides thereof. 

In Fig. 6B, planar patterns of source electrode 1 1 and drain, elec- 

15 trode 1 2 are polygonal in shape, and the gap between these two electrodes, 
which represents the shortest distance therebetween, is defined between re- 
spective vertexes of the patterns. In this case, since source electrode 1 1 and 
drain electrode 1 2 are electrically interconnected by copper precipitated be- 
tween the vertexes of the patterns, copper does not need to be precipitated ex- 

20 cessively, and the switching element is allowed to transit to the on state faster 
than with the planar patterns of source electrode 1 1 and drain electrode 12 
shown in Fig. 6A. When the precipitated copper is dissolved to electrically dis- 
connect source electrode 1 1 and drain electrode 12, the switching element also 
transits to the off state faster. Though the gap between source electrode 1 1 

25 and drain electrode 12 Is illustrated as being defined between the vertexes of 
their patterns In Fig. 6B, one of the vertexes may be replaced with one side of 
the pattern. Such a modification is still considered to allow the switching ele- 
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ment to transit to the on and off states faster than with the planar patterns 
shown in Fig. 6A. The two electrodes are not required to be polygonal in 
shape, but either one of the electrodes may have a pointed portion like the 
above vertex. 

5 Operation of the switching element having the above structure 

will be described below. 

Source electrode 1 1 is grounded, a voltage of + 0.1 V is applied 
to drain electrode 12, and a positive voltage is applied to gate electrode 13. A 
drain current flowing between source electrode 1 1 and drain electrode 1 2 is 

10 observed, causing the switching element to transit to the on state. After the 
switching element has transited to the on state, when the gate voltage applied 
to gate electrode 13 is increased, the drain current is increased. When a nega- 
tive voltage is applied to gate electrode 13, the drain current is reduced, caus- 
ing the switching element to transit to the off state. 

15 In order to cause the switching element to transit between the on 

state and the off state, the period of time for which the gate voltage is applied 
or the applied voltage may be controlled to equalize the resistance between 
source electrode 1 1 and drain electrode 1 2 to a desired target resistance ac- 
cording to the following feedback control process: 

20 Fig. 7 is a flowchart of a feedback control process for controlling 

the gate voltage. In an experiment, the feedback control process is performed 
by a personal computer (hereinafter referred to as PC). The PC has a CPU 
(Central Processing Unit) for performing predetermined processes according to 
a program and a memory for storing the program. 

25 As shown in Fig. 7, when a predetermined voltage is applied to 

gate electrode 3 (step S101), the PC reads an output current serving as a drain 
current (step S102), determines the resistance between the two electrodes 
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from the value of the applied voltage and the value of the read output current, 
and compares the determined resistance with a preset target resistance (step 
S103). The PC stores the value of the voltage applied to gate electrode 13, the 
time for which the voltage is applied to gate electrode 1 3, and the determined 
5 resistance as data in the memory. 

If the determined resistance agrees with the target resistance 
within a predetermined range in step S103, then the PC ends the application of 
voltage (step S104). If the determined resistance does not fall in the predeter- 
mined range in step S103, then control returns to step S101 in which the 

10 voltage is applied. 

The time required to perform one processing cycle according to 
the flowchart shown in Fig. 7 is about 100 ms. However, if a dedicated electric 
circuit is employed, then the time required to perform one processing cycle may 
be reduced to 100 ns or shorter. 

15 By thus feeding back the value of the voltage applied to the gate 

electrode, not only the switching element is caused to transit reliably between 
the on state and the off state, but also the on-resistance of the switching ele- 
ment and the off resistance thereof, which is the resistance of the switching 
element when it is in the off state, can be determined more accurately. 

20 A process of manufacturing the switching element of the above 

structure will be described below. 

After a silicon oxide film is formed to a thickness of 300 nm on a 
semiconductor substrate, a copper film is formed to a thickness of 150 nm on 
the silicon oxide film by vacuum evaporation. Then, a resist having a prede- 

25 termined pattern Is formed on the copper film by lithography, and then the area 
of the copper film which is not covered with the resist is removed by ion milling, 
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thus forming gate electrode 13. Therefore, ion conductor 14 of copper sulfide 
is formed to a thickness of 100 nm on gate electrode 13 by anodic polarization. 

Anodic polarization will be described in detail below. In an 
aqueous solution containing 0.025 mol/L of sodium sulfide, gate electrode 13* 
5 including copper as a metal to be sulfided is used as an anode and a gold elec- 
trode is used as a cathode. When a voltage is applied between gate electrode 
1 3 and the gold electrode, sulfur ions in the aqueous solution are attracted to 
the anode, and copper on the surface of gate electrode 13 turns into copper 
sulfide due to an electrochemical reaction. While the progress of sulfidation is 

10 being monitored by measuring the ion current, ion conductor 14 is formed to a 
desired film thickness. 

After ion conductor 14 is formed, a titanium film is formed to a 
thickness of 10 nm on ion conductor 14 by sputtering, and then a gold film is 
formed to a thickness of 100 nm on the titanium film by vacuum evaporation. 

15 After a resist having a predetermined pattern Is formed on the gold film by li- 
thography, the assembly is dry-etched to form source electrode 1 1 and drain 
electrode 12. Thereafter, the resist is removed. When source electrode 1 1 
and drain electrode 12 are formed, an interelectrode gap having a size of 100 
nm or less is defined therebetween. 

20 While the titanium film is formed by sputtering in the above ex- 

ample, it may be formed by vacuum evaporation. Lift-off may be used instead 
of dry etching to form source electrode 1 1 and drain electrode 12. 

Methods other than anodic polarization may be employed to 
form copper sulfide. For example, copper may be reacted with sulfur at a tem- 

25 perature of 200''C or higher in a gas phase to form copper sulfide. Alterna- 
tively, a film of copper sulfide may be grown by laser ablation. 
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According to the present embodiment, the switching element is 
formed on substrate 15 covered with silicon oxide film. However, the switching 
element according to the present embodiment may be formed on an insulating 
film which covers MOS transistors and interconnects formed on the surface of 
5 the substrate. This is because even If the switching element is formed on the 
insulating film, it does not essentially affect the characteristics of the MOS tran- 
sistors and the interconnects since heat treatment is performed at a tempera- 
ture of 400''C or lower in the process of fabricating the switching element. It is 
also possible to form another switching element on an insulating film that is 

10 formed on the switching element. Consequently, the switching element accord- 
ing to the present invention allows a circuit which incorporates the switching 
element to be highly integrated. 

The structure of the switching element shown in Fig. 5 is illustra- 
tive only. Switching elements of other structures are possible without departing 

15 from the scope of the invention. Other structures of switching elements are 
shown in Figs. 8A through 8C. 

In Fig. 8A, a switching element Is of a recessed structure 
wherein the ion conductor and the gate electrode of the switching element 
shown In Fig. 5 are embedded in insulating layer 26. An opening is defined 

20 above substrate 25 covered with a silicon oxide film, and gate electrode 23 and 
ion conductor 24 are successively disposed in the opening. Source electrode 
21 and drain electrode 22 are disposed on ion conductor 24. The gap or dis- 
tance between source electrode 21 and drain electrode 22 is the same as that 
shown in Fig. 5. With the recessed structure, if a plurality of switching ele- 

25 ments are formed, insulating layers 26 that electrically insulate adjacent ones 
of the switching elements have upper surfaces lying flush with each other, 
allowing interconnects connected to source electrode 21 and drain electrode 22 
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lowing interconnects connected to source electrode 21 and drain electrode 22 
on insulating layers 26 to be planar and hence less liable to be broken. 

In Fig. 8B, the gate electrode, the source electrode, and the 
drain electrode in the switching element shown in Fig. 8A are vertically re- 
versed. This arrangement is characterized In that ion conductor 34 is also dis- 
posed in the gap between source electrode 31 and drain electrode 32. 

In Fig. 8C, source electrode 41 and gate electrode 43 are dis- 
posed in one interconnect layer, and drain electrode 42 is disposed in a differ- 
ent interconnect layer that is positioned across ion conductor 44 from the 
above interconnect layer. The size of the gap between drain electrode 42 and 
source electrode 41 can be established by the film thickness of ion conductor 
44. 

Fig. 9 shows electrical characteristics of the switching element 
according to the present embodiment where copper sulfide is produced by an- 
odic polarization. Source electrode 1 1 is grounded, a voltage of + 0.1 V is ap- 
plied to drain electrode 12, and a positive voltage is applied to gate electrode 
13. A current flowing between source electrode and drain electrode is ob- 
served, causing the switching element to transit to the on state. When a nega- 
tive voltage is applied to gate electrode, the current Is reduced, causing the 
switching element to transit to the off state. Then, after the switching element 
has transited to the off state, when a positive gate voltage is applied, the cur- 
rent flowing between source electrode and drain electrode is increased. 

Fig. 10 shows electrical characteristics of the switching element 
according to the present embodiment where copper sulfide is produced by la- 
ser ablation. Source electrode 1 1 is grounded, a voltage of + 0.01 V is applied 
to drain electrode 12, and a positive voltage is applied to gate electrode 13. A 
current flowing between source electrode and drain electrode is observed. 
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causing the switching element to transit to the on state. When a negative volt- 
age is applied to gate electrode, the current is reduced, causing the. switching 
element to transit to the off state. Then, after the switching element has tran- 
sited to the off state, when a positive gate voltage is applied, the current flowing 
between source electrode and drain electrode is increased. 
2nd Embodiment: 

The present embodiment is characterized in that the drain elec- 
trode in the first embodiment is formed of the same material as that of the gate 
electrode. 

An arrangement of the switching element according to the pre- 
sent embodiment will be described below. 

Fig. 11 is a cross-sectional view of a structure of the switching 
element according to the present embodiment. 

As shown in Fig. 11 , switching element 50 has gate electrode 53 
disposed on substrate 55 covered with an insulating film, ion conductor 54 dis- 
posed on gate electrode 53, and source electrode 51 and drain electrode 52 
disposed on ion conductor 54. Source electrode 51 , drain electrode 52, and 
gate electrode 53 are electrically insulated from each other. 

Source electrode 51 and drain electrode 52 are disposed within 
one plane. Gate electrode 53 and drain electrode 52 include a material for 
supplying metal ions to ion conductor 54 based on an electrochemical reaction. 
Each of source electrode 51 and ion conductor 54 is made of the same mate- 
rial as with the first embodiment, and will not be described in detail below. 

Operation of the two-electrode switching element based on 
source electrode 51 and drain electrode 52 will be described below. 

When source electrode 51 is grounded and a positive voltage is 
applied to drain electrode 52, a metal filament grows due to copper precipitated 
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between source electrode 51 and drain electrode 52, electrically interconnect- 
ing source electrode 51 and drain electrode 52 to bring switching element into 
the on state. After switching element has been brought into the on state, a 
negative voltage is applied to drain electrode 52, dissolving the metal filament 
between source electrode 51 and drain electrode 52 into ion conductor 54, dis- 
connecting source electrode 51 and drain electrode 52 to bring switching ele- 
ment into the off state. 

Operation of an arrangement similar to the above two-electrode 
switching element has been disclosed in the art (Applied Physics Letter, Vol. 
82, No. 18, p. 3032 through 3034). The present embodiment resides in that the 
magnitude of the drain current is controlled by gate electrode 53. 

Operation of the switching element of the above arrangement 
will be described below. 

After the voKage is applied to drain electrode 52 to interconnect 
source electrode 51 and drain electrode 52 with the metal filament, thereby 
bringing the switching element into the on state, as described above, a positive 
voltage is applied to gate electrode 53, reducing the on-resistance and increas- 
ing the drain current. The reasons for the reduced on-resistance and the in- 
creased drain current are as follows: When the switching element is brought 
into the on state with source electrode 51 and drain electrode 52 being inter- 
connected, since the on-resistance is reduced, the voltage is less liable to be 
applied to drain voltage 52, thus failing to increase the precipitated amount of 
copper. However, when a positive voltage is applied to gate electrode 53, it 
precipitates more copper between source electrode 51 and drain electrode 52, 
thereby reducing the on-resistance. 

After switching element has been brought into the on state, 
when a negative voltage is applied to gate electrode 53, the drain current is re- 
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duced, thus removing the metal filament in order to increase the on-resistance 
and further to bring switching element into the off state. 

According to a specific example, if the on-resistance has a value 
of 10 Q and the drain voltage has a value of 0.1 V, then the drain current has a 
5 value of 10 mA. The current value of 10 mA is very high in semiconductor in- 
tegrated circuits that have minute interconnect widths, tending to burn off inter- 
connects unless they are thick enough and also to break interconnects due to 
the motion of atoms in the interconnects (electromigration). When a voltage is 
applied to gate electrode 53 while switching element is In the on state, it is pos- 
10 sible to control the on-resistance to prevent an excessive drialn current from 
flowing. 

Immediately before a metal filament interconnects source elec- 
trode 51 and drain electrode 52 when a predetermined positive voltage is ap- 
plied to drain current 52 for a predetermined period of time, a voltage is applied 

15 to gate electrode 53 to bring switching element into the on state. At this time, 
the voltage applied to gate electrode 53 may be small, thus solving the problem 
of the two-electrode switching element in which too large a drain current flows 
when the switching element is brought into the on state. It is necessary to 
check in advance the predetermined positive voltage that is applied to drain 

20 electrode 52 and the predetermined period of time for which it is applied imme- 
diately before a metal filament interconnects source electrode 51 and drain 
electrode 52, and also to set the timing to apply the voltage to gate electrode 
53. 

In the present embodiment, a voltage may be applied between 
25 source electrode 51 and drain electrode 52 or a voltage may be applied to gate 
electrode 53 in order to electrically interconnect source electrode 51 and drain 
electrode 52. 
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A process of manufacturing the switching element according to 
the present embodiment will be described below. Those steps of the manufac- 
turing process which are identical to those of the first embodiment will not be 
described in detail below. 

After gate electrode 53 and ion conductor 54 are formed as with 
the first embodiment, a titeuiium film is formed to a thickness of 10 nm by sput- 
tering, and a gold film is formed to a thickness of 100 nm by vacuum evapora- 
tion. Then, a resist having a predetermined pattern is formed on the gold film 
by lithography, and then the assembly Is dry-etched to form source electrode 
51 and the resist Is removed. Thereafter, a copper film is formed to a thickness 
of 100 nm by vacuum evaporation. Then, a resist having a predetermined pat- 
tern is formed on the copper film by lithography. Thereafter, the area of the 
copper film which is not covered with the resist is removed by ion milling, thus 
forming drain electrode 52, and the resist is removed. The gap between 
source electrode 51 and drain electrode 52 has a size of 100 nm or less. 

While the titanium film is formed by sputtering in the above ex- 
ample, it may be formed by vacuum evaporation. Uft-off may be used instead 
of dry etching to form source electrode 51 and drain electrode 52. As with the 
first embodiment, methods other than anodic polarization may be employed to 
form copper sulfide. 

The switching element according to the present embodiment is 
illustrative only. Switching elements of other structures are possible without 
departing from the scope of the invention. With the exception that the drain 
electrode is made of the same material as the gate electrode, the structure, 
layout, and the manufacturing method described above with respect to the first 
embodiment may be applied to the present embodiment. 
3rd Embodiment: 
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An arrangement of an FPL circuit which incorporates switching 
elements according to the present invention will be described below. 

As described in the background art, the FPL circuit has a plural- 
ity of logic circuit blocks, interconnects that interconnect the logic circuit blocks, 
and antifuse elements for changing the connection of the interconnects. Ac- 
cording to the present embodiment, switching elements according to the pre- 
sent invention are used as programming elements instead of as antifuse ele- 
ments. 

Fig. 1 2 is a cross-sectional view showing a structure of a switch- 
ing element according to the present invention as it is applied to an FPL circuit. 

The structure shown in Fig. 12 is similar to the first embodiment 
shown in Fig. 8A except that source electrode 21 in Fig. 8A is replaced with in- 
terconnect A61 and drain electrode 22 in Fig. 8A is replaced with interconnect 
B62. 

Operation of the switching element shown in Fig. 12 will be de- 
scribed below. 

Interconnects A61 , B62 are grounded and a positive voltage is 
applied to gate electrode 63 or a negative voltage is applied to interconnects 
A61 , B62 and gate electrode 63 is grounded, precipitating copper between in- 
terconnects A61 , 862 to electrically connect interconnects A61 , 862 to each 
other. Interconnects A61 , 862 are grounded and a negative voltage is applied 
to gate electrode 63 or a positive voltage is applied to interconnects A61 , 862 
and gate electrode 63 is grounded, dissolving the precipitated copper to electri- 
cally disconnect interconnects A61 , 862 from each other. 

The switching elements for use in an FPL circuit may be of the 
structure of the first embodiment shown in Fig. 8A or the structure of the sec- 
ond embodiment. 
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A process of manufacturing the switching element shown in Fig. 
1 2 will be described below. Those steps of the manufacturing process which 
are identical to those of the first and second embodiments will not be described 
in detail below. 

Insulating layer 65 is formed on a substrate on which logic circuit 
blocks and peripheral circuits have been formed. Then, insulating layer 64 
having an opening defined therein is formed on insulating layer 65, and gate 
electrode 63 and ion conductor 24 are successively formed in the opening. 
Thereafter, interconnects A61 , B62 are formed respectively in place of source 
electrode 21 and drain electrode 22 shown in Fig. 8A. 

In an experiment, the FPL circuit which incorporates the switch- 
ing elements according to the present invention was capable of performing at 
least several million rewriting cycles. Any signal delay caused by the FPL cir- 
cuit is small because the on-resistance of the switching elements is small. The 
FPL circuit is better than an FPL circuit employing conventional antifuse ele- 
ments because it is rewritable, and is better than an FPL circuit employing 
EEPROMs because it causes a smaller signal delay. 
4th Embodiment: 

An arrangement of a memory device employing switching ele- 
ments according to the present invention as information storage means will be 
described below. 

Fig. 1 3 is a circuit diagram of a memory device employing 
switching elements according to the present invention. 

As shown in Fig. 13, the memory device includes memory array 
70 having an array of memory cells, bit lines 73a through 73z, word lines 74a 
through 74y, and word lines 75a through 75y. Memory cell 76, like other mem- 
ory cells, has cell-selecting MOS transistor 71 and switching element 72. Each 
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of the bit lines and each of the word lines are connected respectively to a de- 
coder circuit and a driver circuit (not shown). Bit lines are shared by adjacent 
memory cells. Memory array 70 and peripheral circuits (not shown) including 
the decoder circuits and the driver circuits make up an integrated memory cir- 
cuit. 

In memory cell 76, MOS transistor has a source electrode con- 
nected to bit line 73a and a gate electrode to word line 74a. Switching element 
72 has a source electrode connected to bit line 73b and a gate electrode to 
word line 75a. The drain electrode of switching element 72 is connected to the 
drain electrode of MOS transistor 71 . 

Operation of the memory device thus constructed will be de- 
scribed below. Of stored information "1", "0", the stored information "1" is rep- 
resented by the on state of a switching element, and the stored information "0" 
is represented by the off state of a switching element. A voltage required by a 
switching element to transit between the on state and the off state, i.e., the dif- 
ference between a gate voltage and a voltage applied to the source electrode, 
is represented by Vt, and an operating voltage of MOS transistor 71 by VR. 

For writing "1 " in memory cell 76, the voltage Vt is applied to 
word line 75a that is connected to the gate electrode of switching element 72 of 
memory cell 76, and a voltage of 0 V is applied to bit line 73b that is connected 
to the source electrode of switching element 72. A voltage Vt/2 is applied to 
word lines 75b through 75y and bit lines 73a, 73c through 732. As described 
above with respect to the first embodiment and the second embodiment, 
switching element 72 is brought into the on state, writing the stored information 
"1 " therein. At this time, no stored information is written in the other switching 
elements except for switching element 72, and these other switching elements 
hold a state prior to the application of the voltage. 
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For writing "0" in memory cell 76, the voltage applied to word line 
75a that is connected to the gate electrode of switching element 72 of memory 
cell 76 is set to 0 V, and the voltage Vt is applied to bit line 73b that is con- 
nected to the source electrode of switching element 72. The voltage Vt/2 is 
applied to word lines 75b through 75y and bit lines 73a, 73c through 73z. As 
described above with respect to the first embodiment and the second embodi- 
ment, switching element 72 Is brought into the off state, writing the stored in- 
formation "0" therein. The other switching elements except for switching ele- 
ment 72 hold a state prior to the application of the voltage. 

For reading the stored information from memory cell 76, the 
voltage VR is applied to word line 74a to turn on MOS transistor 71 , and the 
voltage applied to the other word lines is set to 0 V, and the resistance between 
bit lines 73a, 73b is determined. This resistance represents the combination of 
the on-resistance of MOS transistor 71 and the resistance of switching element 
72. If this combined resistance is too large to be measured, then switching 
element 72 can be judged as being in the off state, Indicating that the stored 
information in memory cell 76 is "0". If the combined resistance is smaller than 
a predetermined value, then switching element 72 can be judged as being in 
the on state, indicating that the stored information in memory cell 76 is "1 

MOS transistor in each memory cell may be replaced with a di- 
ode. 

The present Invention is not limited to the above embodiments 
but various changes and modifications may be made and should be interpreted 
as falling within the scope of the present invention. 
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